ROBUST HETERODYNE INTERFEROMETER OPTICAL GAUGE 



Field of the Invention 

5 The present invention relates to a robust heterodyne interferometer for very high 

resolution non-contact measurement of distances. 

l! Background of the Invention 

If* Heterodyne Interferometry measures the phase of a continuous signal for as long as the 

fU signal remains stable over all portions of a reference path and a measurement path. The major 
H practical problem with high resolution interferometry is that every optical pathlength change in 

the system, including the ones that are not intended, are measured. After the beams are split in 
SI the interferometer, movement of optical components, especially mirrors, add or subtract optical 
15 path length from one of the two beams separately, resulting in a signal that is unrelated to the 

measurement. Therefore, stability of optical components in the separate legs of the 

interferometer is critical, as described in J. D. Trolinger, Ultra High Resolution Interferometry, 

Proc. SPIE Vol. 2816, ppl 14-123 (1996). 

20 Typically, existing heterodyne interferometer devices are subject to thermal drift errors 

that limit their performance. In addition, they consist of a precision assembly of critical 
components leading to high cost to manufacture. Therefore, a need exists for a robust, easily 
manufacturable device, which is immune to thermal drift errors. 
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Summary of the Invention 



The present invention replaces many of the optical components, their mountings and 
5 mechanically variable paths in a typical heterodyne interferometer with photolithographically 
defined components in an inherently stable single mode planar optical waveguide circuit. The 
waveguide circuit is a planar lightwave circuit (PLC) fabricated in silica on silicon. Such circuits 
are described in M. Kawachi, Silica waveguides on silicon and their application to integrated- 
g optic components, Optical and Quantum Electronics, Vol. 22, pp391-416 (1990). Other material 
l(f ; systems are possible but these have been chosen for their mechanical robustness, thermal 
»i stability, low coefficient of thermal expansion and commercial fabrication process maturity. 

H The present invention concerns a PLC containing at least two circulating optical 

jy waveguide circuits. The two circuits are non-interfering until combined at an output coupler. 
The circuit contains various waveguide couplers and splitters to provide measurement and 
reference signals to the output couplers. Circuit or waveguide paths on the PLC are 
photolithographically defined so that thermally induced pathlength differences between the two 
non-interfering circuits are precisely compensated. The PLC is incorporated into a system that 
contains a laser source or sources, a means of deriving two precisely separated optical 
20 frequencies from the laser source or sources, fiber optic connection of the two optical frequency 
signals to the PLC, means for coupling the measurement optical signal off of and back into the 
PLC and fiber coupling of the interfering optical signals output to optical intensity detectors. 
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Still other objects and advantages of the present invention will become readily apparent 
by those skilled in the art from a review of the following detailed description. The detailed 
description show and describes preferred embodiments of the present invention, simply by way 
of illustration of the best mode contemplated of carrying out the invention. As will be realized, 
5 the present invention is capable of other and different embodiments and its several details are 
capable of modifications in various obvious respects, without departing from the invention. 
Accordingly, the drawings and description are illustrative in nature and not restrictive. 

hf Brief Description of the Drawings 

ffj Objects and advantages of the present invention will be more clearly understood from the 

C3 following specification when considered in conjunction with the accompanying drawings, in 
[W which: 

15 Figure 1 represents an embodiment of a heterodyne interferometer according to the 

present invention wherein separate measurement and reference signals are obtained; 

Figure 2 represents a schematic drawing of an embodiment of a planar lightwave circuit 
included in the embodiment of a heterodyne interferometer represented in Figure 1; 

20 

Figure 3 represents another embodiment of a heterodyne interferometer according to the 
present invention wherein two measurement signals contain oppositely signed reference signals; 
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Figure 4 represents a schematic drawing of an embodiment of a planar lightwave circuit 
included in the embodiment of a heterodyne interferometer represented in Figure 3; 

Figure 5 represents a schematic drawing of an embodiment of a planar lightwave circuit 
including two measurement beams and an additional reference signal output; 

Figure 6 represents a schematic drawing of another embodiment of a planar lightwave 
circuit including two measurement beams and an additional reference signal output as in the 
embodiment shown in Figure 5 but with the reference output on the opposite side of the planar 
lightwave circuit from the embodiment shown in Figure 5; 

Figure 7 represents a perspective partially cut-away view of an embodiment of a planar 
lightwave circuit according to the present invention as represented in Figures 3 and 4; 

Figure 7a represents a cross-sectional view of a section of the embodiment of the planar 
lightwave circuit shown in Figure 7; 

Figure 8 represents a schematic drawing of an embodiment of a balanced detector 
common to the some embodiments of balanced outputs of variations of planar lightwave circuits 
and corresponding versions of heterodyne interferometers as represented in Figures 1-6; 

Figure 9 represents a graph that illustrates calculations demonstrating the effectiveness of 
reflected signal reduction at angled interfaces; 



Figure 9a represents a cross-sectional view of a portion of a planar lightwave circuit on 
which the calculations shown in Figure 9 were made; 



5 Figure 1 0 represents a perspective partially cut-away view of an embodiment of a TM 

mode stripper incorporated into a planar lightwave circuit according to the present invention as 
represented in Figures 1 -6; 

O Figure 1 Oa represents a cross-sectional view of the embodiment of a TM stripper shown 

W} in Figure 10 along the line A- A; 

1" Figure 1 1 represents a graph that illustrates calculations illustrating the effectiveness of 

|i the TM mode stripper as a function of optical waveguide to metal film separation; and 

lP Figure 12 represents a cross-sectional view of a portion of a planar lightwave circuit on 

which the calculations shown in Figure 1 1 were taken. 

Detailed Description of the Invention 

20 The present invention provides a solution to problems existing with known devices. 

Along these lines, the present invention can provide a small, lightweight and robust optical 
gauge. A planar lightwave circuit (PLC) according to the present invention replaces large bulk 
components typically utilized in known devices. Use of the PLC according to the present 
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invention results in smaller devices that are less sensitive or insensitive to thermal changes. 
Additionally, a device according to the present invention can be fiber coupled to inputs and 
outputs, such as sensors and light sources, and contains few components. Features of the present 
invention can permit devices according to the present invention to measure distance changes, for 
5 example, that are on the order of about one-millionth of the wavelength of light utilized in an 
application of the device. 

M= The present invention can provide a device that can be utilized in the control of large 

O structures by providing position, velocity, and acceleration data for control loops, 

l(jH characterization of turbulent flow by measuring velocity spectra, characterization of sound by 
?ll measurement of motion of surfaces, among other variables. Due to its size, construction, and 
□ operating characteristic, the present invention is particularly suited to use for control of large, 
fy remotely controlled optical systems. Devices according to the present invention could also be 
O utilized on assembly lines, where process controls require the non-contact control of positions 

15 and velocity. Devices according to the present invention are particularly useful where a rugged 
design is required. 

Figure 1 illustrates an embodiment of a Planar Lightwave Circuit (PLC) according to the 
present invention. This type of circuit is also commonly referred to as a Photonic Integrated 
20 Circuit (PIC), a Lightwave Integrated Optic (LIO) circuit or an Integrated Optic (10) circuit 
among other common nomenclatures in the literature. PLC fabrication technology has been 
developed in a number of material systems including glasses, polymers, lithium niobates and III- 
V semiconductors. Among the glasses are high silica (Si02) glasses with or without additional 
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network former oxides such as Ge0 2 , Ti0 2 , P2O5 and/or B 2 0 3 . These glasses and the circuit 
components therein may be deposited onto various substrates such as silicon (Si) or quartz. 
(Si0 2 ). 

5 The present invention will be described in terms of the silica on silicon technology due to 

the mature state of commercial development of this material system along with the desirable 
mechanical, optical and thermal properties of this material system. However, the present 
H; invention can be realized in any of the material systems available for PLC development. The 
y silica on silicon PLC may be fabricated by any of the processes available for this material system 
1^ including but not limited to flame hydrolysis deposition (FHD), vacuum deposition (VD) and 
fy various chemical vapor deposition processes (CVD) including low pressure CVD (LPCVD), 
□ atmospheric pressure CVD (APCVD) and plasma enhanced CVD (PECVD). 

rj A PLC according to the present invention can include single mode optical waveguides 

15 with waveguide bends, waveguide crossings, waveguide couplers and waveguide splitters. The 
waveguide bends typically are constrained to radii of curvature sufficiently large to yield 
acceptably low radiation loss from the bends. This radiation loss will be determined by the 
refractive index difference between the waveguide core and cladding materials (the "index 
contrast") and will be fixed by the particular waveguide properties chosen. Waveguide crossing 
20 angles may be determined by a minimum crossing angle that provides an acceptably low level of 
crosstalk between the two crossing waveguides, which is a function of the index contrast. 
Minimum bend radii and minimum crossing angles may determine the minimum physical size of 
the PLC. 
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Waveguide couplers and/or splitters are identified in the embodiments of Figures 1-6 by 
the letters A, B, E, F, G, H and I. Splitters A, and B in Figures 1 and 2 along with splitters G and 
H in Figures 5 and 6 may be Y-branch splitters, directional couplers or multimode interference 
(MMI) devices. All output couplers, E, H and I, may be directional couplers or MMI devices to 
provide the indicated balanced output. Directional couplers only will be described in the various 
embodiments of the present invention although Y-branch or MMI devices represent examples of 
applicable alternatives. 

Figure 1 schematically represents one embodiment of a heterodyne interferometer 
incorporating a PLC. The PLC is within the rectangular region outlined by the broken line. The 
distance to be measured is the separation between mirrors M R and M B . The measurement beam 
may be considered to enter the PLC at coupler B, traverse the path BC on the PLC, exit the PLC 
at C, pass though a collimating lens and reflect from mirror M R onto mirror M B . From mirror 
M B , the beam is reflected back onto the PLC at D after passing though another collimating lens. 
The beam then traverses path DE on the PLC and exits the PLC at coupler E. 

The path length on the PLC of the measurement beam is BC+DE and the external path 
length of the measurement beam is CMr+M r M b +M b D. A reference path for the measurement 
beam is established by the path length BI. The phase of the measurement optical signal entering 
the PLC at coupler at B is uncontrolled and variable due to phase noise in the laser source, 
mechanical and thermal effects in the fiber coupling the laser to the PLC and coupling effects 
between the fiber and laser or PLC. This unknown and uncontrolled optical phase at the input to 
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coupler B may be defined as <J>R(t). 

The heterodyne optical signal may be considered to enter the PLC at coupler A. A 
portion of the beam exits the PLC through the measurement coupler output at E after traversing 
the pathlength AE on the PLC. In this embodiment, the path length AE is selected such that 
AE=BC+DE so that thermal variations of measurement signal path on chip are equal to thermal 
variations of heterodyne signal path. A reference path for the heterodyne optical signal may be 
established by the path length AI such that AI=BI so that thermal variations of these two optical 
paths are also matched. 

The phase of the heterodyne optical signal entering the PLC at coupler at A may be 
uncontrolled and variable due to phase noise in the laser source, phase noise in the offset 
frequency generator, mechanical and thermal effects in the fiber coupling the laser to the 
acousto-optic frequency shifter, fiber coupling the acousto-optic frequency shifter to the PLC 
and coupling effects between the fibers and laser, acousto-optic frequency shifter or PLC. This 
unknown and uncontrolled optical phase at the input to coupler A may be defined as (j>B(t). The 
embodiment of an interferometer shown Figure 1 and its corresponding PLC schematic shown in 
Figure 2 will be referred to herein as a "Racetrack" configuration since the measurement beam 
exits the PLC at port C, traverses a loop around the PLC and reenters the PLC through port D. 
This configuration easily accommodates the required PLC pathlength equalities, AE=BC+DE 
and AI^BI, by appropriate location of the couplers A and B on the PLC along with an extra 
"bulge" in the path AE to lengthen the inside track of AE. 
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In the embodiment of Figure 1 and 2, the optical intensity interference pattern at the 
reference signal output coupler, I, is given by the following formula 1 : 

PrefT = (P R +P b +2VP^cos[(co R -© B )t + (* R -* B ) + (9 M -9^4 (1) 
where Pr is the optical power, cor is the optical frequency and <j)R(t) is the optical phase at the 
5 input to coupler B while Pb is the optical power, cob is the optical frequency and <)>B(t) is the 
optical phase at the input to coupler A. Formula 1 does not assume that any optical loss will 
occur. Optical loss would only appear as a reduction in the values of P R and P B . It would not 
G affect the phase terms that are of interest in the heterodyne interferometer. The upper (minus) 
Ul sign in the equation corresponds to the optical power in the upper waveguide exiting the coupler 
id" I while the lower (plus) sign corresponds to the optical power in the lower waveguide exiting the 
8 a * coupler!. 

Ms 

rJ The phase terms, 9bi and 9 A i correspond to the optical path lengths 9 BI = co R n eff Bl/ c and 

Q M = co B n eff AI/c where n e ff is the effective refractive index of the guided optical waves and c is 

15 the velocity of light in vacuum. The difference of these two phase terms in the output 
heterodyne interference reference signal may be defined by the following formula 2: 

«bi " 6 ai = n e ff (OrBI - cd b AI) / c - co R n eff (BI - AI(1 + Aco 1 co R ))/c (2) 
where Aco is the offset frequency difference, cdb-cor, of the signal driving the acousto-optic 
frequency shifter. Since o> R «1.2xl0 15 radians per second and Aco^lO 5 to 19 8 radians per 

20 second, the term involving Aco/a> R « 19" 7 to 19" 10 maybe neglected. As a result, 

®bi ~~ ® ai ~ (D R n eff (BI - Al)/c = 9j where 9i is a small, temperature insensitive phase angle since 
BI « AI by design. 
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A similar equation for the optical intensity interference pattern at the measurement signal 
output coupler, E, may be given by the following formula 3 

Pmeas, =(Pr + ?B + 2VP^COS[((0 R -® B )t + fo R -$ B ) + Q B +2<pj)/4 (3) 

5 where 0 E = 9 BC+DE - 0^ is a small, temperature insensitive phase angle since AE « BC + DE 

by design and 2<j) L = co R (CM R + M R M B + M B D)/c contains the external path length of the 
measurement beam. Comparing the phases of the measurement optical signal interference 
h & pattern, P measT , and reference signal interference pattern, P refT , we see that the unknown, 

si? uncontrolled phase function, c|>r-(|>b may be determined from P TefT and subtracted from the phase 

l(ff; of to obtain 2§ L . 

: iJs 

M= Figure 3 schematically represents another embodiment according to the present invention 

[U of a heterodyne interferometer incorporating a PLC. The PLC is contained within the 
1 y rectangular region defined by the broken line. Figure 4 schematically represents the embodiment 
15 of the PLC circuit incorporated in the interferometer of Figure 3. The distance to be measured is 
the sum of the distance from the PLC at C to the mirror at L R and the distance from the PLC at D 
to the mirror at L B . One optical source may be considered to enter the PLC at coupler B with 
optical power, P R , optical frequency, cor, and optical phase, cJ> R (t). In this embodiment, the phase 
of the measurement optical signal entering the PLC at coupler B, cj> R (t), is uncontrolled and 
20 variable due to phase noise in the laser source, mechanical and thermal effects in the fiber 

coupling the laser to the PLC and coupling effects between the fiber and laser or PLC. A second 
optical source may be considered to enter the PLC at coupler A with optical power, Pb, optical 
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frequency, co B , and optical phase, (j) B (t). In this embodiment, the phase of the measurement 
optical signal entering the PLC at coupler A, (j) B (t), is uncontrolled and variable due to phase 
noise in the laser source, phase noise in the offset frequency generator, mechanical and thermal 
effects in the fiber coupling the laser to the acousto-optic frequency shifter, the fiber coupling the 
5 acousto-optic frequency shifter to the PLC and coupling effects between the fibers and laser, 
acousto-optic frequency shifter or PLC. 

U One branch of the path of the measurement optical signal entering the PLC at B traverses 

Q the path BC, exits the PLC at C and after an external path of 2L R , reenters the PLC at C and 
1CT traverses the path CBF to the output coupler at F. The pathlength of this signal on the PLC is 
jj 5 ! 2BC+BF. One branch of the path of the measurement optical signal entering the PLC at A 
™ traverses the path AF to the output coupler at F. These two pathlengths are set equal, i.e. 
hj 2BC + BF = AF to compensate thermal effects on the PLC. 

15 The other branch of the measurement optical signal entering the PLC at B traverses the 

path BE to the output coupler at E. The other branch of the measurement optical signal entering 
the PLC at A traverses the path AD, exits the PLC at D and after an external path of 2LB, 
reenters the PLC at D and traverses the path DAE to the output coupler at E. The pathlength of 
this signal on the PLC is 2AD+AE. These later two pathlengths are also set equal, i.e. 

20 2AD+AE=BE to compensate thermal effects on the PLC. The interferometer of Figure 3 and its 
corresponding PLC schematic shown in Figure 4 are referred to herein as the "Trombone" since 
the required PLC pathlength equalities, 2BC + BF - AFand 2AD+AE=BE are easily 
accommodated by appropriate adjustment of the lengths of the horizontal straight segments in 
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Figure 4. 



In the embodiment shown in Figures 3 and 4, the optical intensity interference pattern at 
the optical signal output coupler, E, may be defined by the following formula 4 

P E± - ^ + Y ± ^Psin[(co R - co B )t + (K - + B ) + (G BE - 20 m - 0 AE ) - 2* DLr ] (4) 

where P R is the optical power, oor is the optical frequency and <|> R (t) is the optical phase at the 
input to coupler B while P B is the optical power, co B is the optical frequency and <j) B (t) is the 
optical phase at the input to coupler A as indicated in Figure 4. No optical loss has been 
assumed in this expression. Optical loss would only appear as a reduction in the values of P R 
and P B . It would not affect the phase terms that are of interest in the heterodyne interferometer. 
The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler E while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler E. 



The phase terms, 0 BE and 20 A d+0ae correspond to the optical path lengths 
0 BE =co R n eff BE/c and 20^ +0^ = co B n eff (2AD + AE)/c, where iieff is the effective refractive 
index of the guided optical waves and c is the velocity of light in vacuum. The difference of 
these two phase terms in the output heterodyne interference reference signal may be defined by 
the following formula 5 

0BE-20AD-0AE =n eff (Q R BE-co B (2AD + AE))/c = co R n eff (BE-(2AD + AE)(l + 
where Aoo is the offset frequency difference, co B -co R , of the signal driving the acousto-optic 
frequency shifter. Since co R «L2xl0 15 radians per second and Aco«10 5 to 10 8 radians per 
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second, the term involving Aco/co R « 10 7 to 10 10 may be neglected. Also, 
9 be " 29 ad "9ae~ ®R n eft ( BE " ( 2AD + AE))/ 0 = 6 e > where 0 e is a small, temperature 
insensitive phase angle since BE » 2 AD + AE by design. The phase term 2<|> DLb = 2o B L B /c 
contains the round trip pathlength measurement from the PLC at exit point D to the lower mirror 
in Figure 2 and back to point D. 

A similar equation for the optical intensity interference pattern at the optical signal output 
coupler, F, is given by the following formula 6 

P f ± = + IT ± ^~ sia ^ - ffi B)t + (K - * B ) + (20bc + 9 BF - ©ap) + 2* CLr ] (6) 
4 8 2 

where 6 F = 29 BC + 0 BF -8^ is a small, temperature insensitive phase angle since 

AF « 2BC + BF by design. The upper (plus) sign in the equation corresponds to the optical 

power in the upper waveguide exiting the coupler F while the lower (minus) sign corresponds to 

the optical power in the lower waveguide exiting the coupler F. The phase term 

2<|> DLr = 2co R L R / c contains the round trip pathlength measurement from the PLC at exit point C 

to the upper mirror in Figure 2 and back to point C. If the phase of the heterodyne signal out of 

coupler E is subtracted from the phase of the heterodyne signal out of coupler F, the result 

2(<|>cl r + <I>dl b ) + e F - 9 e is obtained, which contains the separation of the two mirrors plus two 

small, fixed, temperature insensitive terms, 0f and 9e. 

While the interferometer configuration shown in Figure 3 is such that measurement of the 
sum of the two distances, L R and L B allows elimination of the uncontrolled phase fluctuations at 
the input couplers, <|>R-<j)B, it is also possible to add a separate measurement circuit to determine 
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this quantity as shown the schematic representations of PLC circuits shown in Figures 5 and 6. 

In Figure 5, the additional couplers G and H are arranged such that the input phase signal 
is coupled out on the left side of the PLC. This embodiment is referred to herein as the 
"Lightbulb". The design and operation of this circuit is essentially the same as the "Trombone" 
except that some optical power is coupled out at I to provide the reference signal. If the optical 
signal inputs are as described for the Trombone, Pr(cor, <|>r) into coupler B and Pb(g>b> <|>b) into 
coupler A, then the optical intensity interference pattern at the optical signal output coupler, E, is 
given by the following formula 7 

p e± = ^ + v ± sin ^* ~ °e)t + (♦» - ♦») + bg+ge -2e AD -e AE )-24> DL j (?). 

o o 4 

The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler E while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler E. The phase angle 0 BG+GE - 20^ - 0^ = 0 E is made small and 
temperature invariant or insensitive by setting the pathlengths BG+GE=2AD+AE. 

The optical intensity interference pattern at the optical signal output coupler, F, is given 
by the following formula 8 

o o 4 

The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler F while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler F. The phase angle 20 BC + 0 BF - Q^+uf = 0 f is made sma11 and 
temperature invariant or insensitive by setting the pathlengths 2BC+BF=AH+HF. Finally, the 
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optical intensity interference pattern at the optical signal output coupler, I, is given by the 
following formula 9 

p i± =^+^±^^sin[K -(o B )t+((|) R -<M+e BG+GI -e^] (9). 

o o 4 

The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler I while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler I. The phase angle 0 BG+GI - ©ah+hi s 6 i is made sma11 and 
temperature invariant or insensitive by setting the pathlengths BG+GI=AH+HI. From the phase 
of this last equation, the unknown and uncontrolled phase term, §r-$b, may be obtained for an 
independent determination of L R and L B in the two preceding equations. 

Figure 6 illustrates an embodiment in which the additional couplers G and H are arranged 
such that the input phase signal is coupled out on the right side of the PLC. This embodiment is 
referred to herein as the "Jellyfish". The design and operation of this circuit is essentially the 
same as the Lightbulb. If the optical signal inputs are as described for the Trombone, Pr(cor, <J)r) 
into coupler B and P B (co B , fe) into coupler A, then the optical intensity interference pattern at the 
optical signal output coupler, E, is given by the following formula 9 

P E± - V" + IT ± Sin[(C °* " )t + (+R ~ <t>B ) + (^ BH+HE ~ 20 ^ - 9^ ) - 2^ ] (9). 

o o 4 

The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler E while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler E. The phase angle 0 BH+HE - 20^ - 0^ = 0 E is made small and 
temperature invariant or insensitive by setting the pathlengths BH+HE=2AD+AE. 
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The optical intensity interference pattern at the optical signal output coupler, F, is given 
by the following formula 10 

P F± =^r + ^±^^sin[((o R -co B )t + (<j> R -(» B ) + (2e BC +e BF -0 ag+gf ) + 2<» CLr ](1O). 
oo 4 

The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler F while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler F. The phase angle 20 BC + 0 BF - 0 AG+GF = 0 F is made small and 
temperature invariant or insensitive by setting the pathlengths 2BC+BF=AG+GF. 

Finally, the optical intensity interference pattern at the optical signal output coupler, I, is 
given by the following formula 1 1 

p .± =^ + ^ ± ^- sin [( ffi R -®B)t+(*R -<U+e B H +H i -e AG+GI ] (ii) 

o o 4 

The upper (plus) sign in the equation corresponds to the optical power in the upper waveguide 
exiting the coupler I while the lower (minus) sign corresponds to the optical power in the lower 
waveguide exiting the coupler I. The phase angle 0 BH+m - 0 A g+gi = * s ma de small and 
temperature invariant or insensitive by setting the pathlengths BH+HI=AG+GL From the phase 
of this last equation, the unknown and uncontrolled phase term, <|>r-<|>b, may be obtained for an 
independent determination of L R and L B in the two preceding equations. 

Aspects of the present invention provide unique properties in various applications. For 
example, the present invention can provide a number of unique properties in the fabrication 
process. Along these lines, the present invention may be employed to replace a number of 
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discreet, precision optical components and the attendant assembly process with a single 
component manufactured with standard industrial processes which have grown out of a 
combination of optical fiber fabrication technology and microelectronic large scale integration 
technology. Figure 7 illustrates a perspective view of an embodiment of the PLC described in 
5 conjunction with Figures 3 and 4. If a planar lightwave circuit according to the present invention 
employs telecom industry wavelengths, there is no change in nor perturbation to standard PLC 
process lines. Only the photolithographic mask to define the specific circuit is required as a 
special item. 

lCp; The optical waveguide size and minimum bending radii may be determined by the 

specific index contrast utilized in a particular fabrication facility or process. Representative 
1* values are given in Table 1 from M. Kawachi, Recent progress in silica-based planar lightwave 

U circuits on silicon, IEE Proc.-Optoelectron., Vol. 143, pp. 257-262 (1996). 

W 

l5 n J Table 1 Silica on Silicon Waveguide Parameters 



Waveguide type 


Low A 


Middle A 


High A 


Core/cladding 
index contrast A(%) 


0.25 


0.45 


0.75 


Core size, um 


8X8 


7X7 


6X6 


Loss, dB/cm 


<0.1 


<0.1 


<0.1 


Fiber coupling 
loss, dB/point 


<0.1 


0.1 


0.5 


Minimum bending 
radius, mm 


25 


15 


5 



From the PLC circuits laid out as schematically indicated in Figures 2 and 4-6, the minimum 
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bending radii given in Table 1 will establish typical minimum PLC circuit dimensions of greater 
that about 5 cm by about 5 cm for a low contrast process to about 1 cm by about 1 cm for a high 
contrast process since all circuits involve arcs of about 90° or about 180° in various orientations. 

The total thickness of glass on the silicon substrate typically varies from about 10 to 
about 50 jim. This thickness is dependent on the established processes of various manufacturers 
and does not affect the operation of the PLC. It may, however, influence the post process 
fabrication of TM mode stripping structures as discussed below. 

In the analysis, it was assumed that critical phase relations were established at the input 
couplers (A and B in Figures 1-6) and persisted only through the output couplers (E, F and I in 
the Figures). This is true since the phase of the two signals exiting coupler A are fixed with 
respect to one another at the input of coupler A as are the two signals exiting coupler B fixed 
with respect to one another at the input of coupler B. When the signals exit the couplers E, F or 
I, the phase of the heterodyne or beat note between the two signals is established and no further 
interaction occurs. Thus, the entire heterodyne interaction occurs in the robust, monolithic, 
photolithographically defined structure of silica on silicon. 

Other advantages of the present invention are achieved through the balanced detection 
possible. The discussion above assumes that all couplers, combiners or splitters were 50::50. 
The output couplers should all be 50:: 50 for balanced detection optimization. However, there 
may be advantages to using to using other splitting ratios in certain cases. For example, Figure 8 
schematically represents the output of a balanced detector as being the difference in 
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photocurrents generated in two series connected photodiodes. The input optical powers are 
Pr(co r , 8r) to the upper waveguide and P B (co B , 9b) to the lower waveguide. The coupling of 
energy from the lower to upper waveguide and visa versa is dependent upon the coupling 
constant between the waveguides and the length of the interacting region. There is a sinusoidal 
5 variation of the coupling with length and coupling constant as indicated in Figure 8. If the 
coupling constant and interaction length are such that kL=7c/4, then the coupling ratio is 50::50 
and the photocurrent, i sig , in the balanced detector contains only the beat frequency or heterodyne 
yL term. Also, with the photoresponce of the photodetectors,A res amps/watt, identical for both the 
D upper and lower photodiodes in Figure 8, the output signal current is maximum for kL=7t/4, 
1( fJ i s . g =_2A resA /P R P B sin[(co R -co B )t + 9 R -6 B ]. Furthermore, ifthe total optical power into the 
fy coupler, P opt = P R + P B is fixed, then the signal current is maximized for P R = P B = P opt / 2 . 

RJ If the total input optical power to the PLC is fixed by the common source laser indicated 

fU in Figures 1 or 3 but the optical loss in one channel is excessive (typically in the measurement 
15 paths to the external mirrors), then further circuit optimization may be possible by adjusting the 
coupling ratios of the input couplers, A and B. In the case of the racetrack circuit, Figures 1 and 
2, the input coupler splitting ratio may be designed to provide excess power into the 
measurement circuit. In the case of the lightbulb and jellyfish circuits shown in Figures 5 and 6, 
the reference splitters may be designed to optimize the division of power between the reference 
20 output port at I and the measurement ports at E and F. 

Further advantages of the present invention relate to temperature insensitivity of the 
devices. In the description of the various embodiments of the PLC circuit, certain path lengths 

20 



were set equal to minimize thermal effects. These are summarized in Table 2. In every case, the 
small phase off-set terms may be written as (<*> R n eff / c)[AL - LA© / co R ] or 
(27m eff /A, oR )[AL-LA<d/<d r ] where X oR is the free space wavelength of the optical signal at 
frequency co R . 



Table 2 Phase imbalance or off-set terms 





Circuit 


Matching Paths 


Phase Off-set 




Racetrack 


AE=BC+DE 


e E 


= © R n eff [BC + DE - AE(1 + A© / co R )] / c 




Figures 1-2 


AI=BI 


e t 


= co R n eff [BI - AI(1 + Aco / © R )] / c 




Trombone 


BE=2AD+AE 


e E 


= © R n eff [BE-(2AD + AE)(l + A©/© R )]/c j 




Figures 3-4 


AF=2BC+BF 


e F 


= (o R n eff [2BC + BF - AF(1 + A© / co R )] / c 




Lightbulb 


BG+GE=2AD+AE 


e E 


= co R n eff [BG + GE - (2AD + AE)(1 + A© / © R )] / c 




Figure 5 


AH+HF=2BC+BF 


e F 


= © R n eff [2BC + BF - (AH + HF)(1 + A© / © R )] / c 






AH+HI=BG+GI 




= © R n eff [BG + GI - (AH + HI)(1 + A© / © R )] / c 




Jellyfish 


BH+HE=2AD+AE 


e E 


= © R n eff [BH + HE - (2AD + AE)(1 + A© / © R )] / c 




Figure 6 


AG+GF=2BC+BF 


e F 


= © R n eff [2BC + BF - (AG + GF)(1 + A© / © R )] / c 


S 




AG+GI=BH+HI 


e, 


= © R n eff [BH + HI- (AG + GI)(1 + A© / © R )] / c 



10 The length AL for example BC+DE-AE in the first line of Table 2 may easily be maintained at 
less than about 5 micrometers by the photolithographic design/fabrication process, including the 
location of the PLC edges at C and D in Figures 1-6. The edges of the PLC may be identified by 
a series of fiducial lines included on the photolithographic mask and precision edge polishing 
following PLC fabrication. The properties of silica on silicon PLCs is such that the thermal 

15 coefficient of optical path length changes in a silica-based waveguide is 
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(n eff AL) = lxlO" 5 [1/°C] so that if AL <about 5 urn, SAL <£ibout 5xlO~ 5 5T jim. A 

AL dT 

change in temperature of approximately one degree Celsius will result in only about 50 
picometers of PLC unbalance change. 

5 From the embodiments of heterodyne interferometer PLCs indicated in Figures 2 and 4-6, 

the PLC optical path lengths of all paths from A or B to E, F, or I will be L~27rR mm , where R m j n 
is the minimum radius of curvature from Table 1. Since 5 < < 25 mm and 

y 10~ 10 < Acd/co r < 10" 7 , the maximum thermal contribution of the n eff LAco/co R term to the 

N 3 optical pathlength change will be 5L < 1 .6 x 1 0~ 8 8T micrometers. A temperature change of 
lfH about one degree Celsius will result in only about 0.016 picometers of PLC unbalance change, 
L which is completely negligible compared to the thermal effects associated with AL changes. 

O Still further advantages of the present invention relate to immunity of devices according 

to the present invention from spurious signals. Spurious signals at the output couplers at the two 
15 frequencies cor and cdb, which have traversed paths other than the intended path will introduce 
measurement errors. These spurious signals may arise from reflections (especially at PLC 
interfaces with the external world), cross coupling (at waveguide crossings) and polarization 
mode dispersion. 

20 The use of "angle lapping" is well known in the fiber optic industry to reduce reflections 

at fiber- fiber interfaces. This technique is also used for fiber-PLC interfaces. An additional 
interface refection reduction at fiber-PLC interfaces is accomplished by the use of index 
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matching bonding agents at the silicon V-block fiber assembly structures indicated in Figures 1 
and 3. For the heterodyne interferometer, reflection reduction at the PLC-firee space interfaces, 
ports C and D in the embodiments shown in Figures 1-7, by angle lapping will result in reflection 
reduction as indicated in Figure 9. Further reduction may be achieved by anti-reflection coating 
of the PLC-free space interface. 

Single mode optical fibers and single mode waveguides in PLCs may sustain two 
orthogonal polarizations that may propagate at slightly different velocities. It may therefore be 
necessary to preferentially excite only one polarization mode at each input port, such as ports A 
and B in the embodiments shown in Figures 1-7, and to remove any optical power scattered from 
the desired mode into the orthogonal mode in the interferometer. This "mode stripping" 
operation may be accomplished at the output ports, such as ports E, F and I in the embodiments 
shown in Figures 1-7. 

Preferential excitation of the desired mode may be accomplished by transporting the 
polarized source light to the PLC by polarization maintaining fibers as indicated in Figures 1 and 
3. A mode stripping structure may be fabricated in PLCs as indicated in Figure 1 1 . This 
structure can operate on the differing optical currents associated with the TE and TM modes that 
are induced in a metallic conductor. The TM optical mode is characterized by a large transverse 
optical frequency magnetic field oriented parallel to the plane of the PLC while the TE optical 
mode is characterized by a large optical frequency magnetic filed oriented perpendicular to the 
plane of the PLC. The tangential magnetic field induces optical currents in adjacent metallic 
conductors. Figure 1 1 illustrates optical attenuation in the TM and TE modes of a high An single 
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mode waveguide due to an Al metal film. The thick top waveguide cladding layer may be 
thinned to the desired depth by various processes such as reactive ion etching, ion beam milling 
and/or wet chemical etching. The chosen etch procedure may be adjusted to provide a smooth 
surface for the depostion of the metallic film. The chosen example metal, Al, was selected due 
to the large magnitude of both the real, n, and imaginary, k, components of the optical index for 
Al at a wavelength of about 1.56 |im. These mode stripping patches may be located outside of 
the critical PLC paths before the input couplers A and B and after the output couplers E, F, and I 
in Figures 1-7. 

The foregoing description of the invention illustrates and describes the present invention. 
Additionally, the disclosure shows and describes only the preferred embodiments of the 
invention, but as aforementioned, it is to be understood that the invention is capable of use in 
various other combinations, modifications, and environments and is capable of changes or 
modifications within the scope of the inventive concept as expressed herein, commensurate with 
the above teachings, and/or the skill or knowledge of the relevant art. The embodiments 
described hereinabove are further intended to explain best modes known of practicing the 
invention and to enable others skilled in the art to utilize the invention in such, or other, 
embodiments and with the various modifications required by the particular applications or uses 
of the invention. Accordingly, the description is not intended to limit the invention to the form 
disclosed herein. Also, it is intended that the appended claims be construed to include alternative 
embodiments. 
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